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Objectives: Progressive aortic root dilatation and an increased aortic root elastic
modulus have been documented in persons with Marfan syndrome. To examine the
effect of aortic root dilatation and increased elastic modulus on leaflet stress, strain,
and coaptation, we used a finite-element model.
Methods: The normal model incorporated the geometry, tissue thickness, and
anisotropic elastic moduli of normal human roots and valves. Four Marfan models
were evaluated, in which the diameter of the aortic root was dilated by 5%, 15%,
30%, and 50%. Aortic root elastic modulus in the 4 Marfan models was doubled.
Under diastolic pressure, regional stresses and strains were evaluated, and the per-
centage of leaflet coaptation was calculated.
Results: Root dilatation and stiffening significantly increased regional leaflet stress
and strain compared with normal levels. Stress increases ranged from 80% to 360%
and strain increases ranged from 60% to 200% in the 50% dilated Marfan model.
Leaflet stresses and strains were disproportionately high at the attachment edge and
coaptation area. Leaflet coaptation was decreased by approximately 20% in the
50% root dilatation model.
Conclusions: Increasing root dilatation and root elastic modulus to simulate Marfan
syndrome significantly increases leaflet stress and strain and reduces coaptation in
an otherwise normal aortic valve. These alterations may influence the decision to
use valve-sparing aortic root replacement procedures in patients with Marfan syn-
drome.
The numerous abnormalities associated with the Marfan syndrome1,2have been linked to a genetic defect in fibrillin.3 Fibrillin is a com-ponent of the microfibrils making up the elastic meshwork in theaorta and other large vessels.4-6 The defect in fibrillin found in theMarfan syndrome results in disorganization and fragmentation ofthe elastic meshwork. Normally, elastic fibers are responsible for
maintaining blood vessels at their normal dimensions by providing the ability to
expand with the cyclic increase of blood pressure and then allowing complete
recovery to the initial state on removal of the pressure load. In contrast, collagen
fibers, which are much stiffer than elastic fibers, are responsible for preventing the
aortic wall from stretching too far.7 Elastic fragmentation therefore reduces the abil-
ity of the aortic wall to fully recover from the cyclic distending pressure, resulting
in permanent stretching and dilatation. This dilatation shifts the pressure load from
the fragmented elastic network to the stiffer collagen fibers, resulting in an
increased elastic modulus in the aortic wall.4,6,7
The altered aortic root geometry and elastic modulus may be linked to observed
valvular changes, such as increased size, fibrotic thickening of the coaptation area,
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and marginal rolling sometimes found in aortic valves in the
Marfan syndrome.5,8,9 The normal function of the valve is
dependent on the compliant tissue properties and rounded
shape of the normal, undilated aortic root.10,11 In the case of
the Marfan syndrome, the combined effect of aortic root
dilatation and increased aortic root elastic modulus could
increase the stress on the aortic valve leaflets, potentially
resulting in leaflet alterations. Although the tissue con-
stituent makeup, geometry, and material properties of the
aortic root in Marfan syndrome have been characterized,
there has not yet been a systematic study of the relationship
between these pathologic changes and the biomechanical
function of the aortic valve. The objective of this investiga-
tion was to examine the influence of dilatation of a stiffened
Marfan syndrome aortic root on aortic valve function
(stress, strain, and coaptation) by using a 3-dimensional and
anatomically realistic finite-element model of the aortic root
and valve.12
Methods
The detailed development of the original 3-dimensional model of
the aortic root and valve has been described previously12 and is
summarized here.
Model Geometry and Element Development
Finite-element analysis is a computational technique in which an
object with a complicated structure is divided into smaller sections
(ie, elements) that are interconnected by common points (ie, nodes).
This discretization enables the use of algebraic equations to describe
the individual structural state at each node. The solution of the sys-
tem of equations yields the stress and strain at any point in the entire
object. Our finite-element model was developed by means of
ANSYS software (version 5.3; ANSYS Inc, Canonsburg, Pa) run on
a DEC Alphastation 400 4/233 (Digital Equipment Corporation,
Maynard, Mass). Normal human aortic valve and root specimens in
a zero-pressure state were used to establish the geometry for the
model by using magnetic resonance imaging to obtain the data coor-
dinates and hence the nodes to represent the shape of the aortic root
and valve. Elastic 6-node triangular shell elements were generated
from these nodes to create 5000 elements in the aortic root and 1815
elements in the 3 valve leaflets.
Normal Model Boundary Conditions
Geometric boundary constraints were assigned to all models. First,
contact elements were incorporated into the leaflet surfaces to per-
mit sliding and to prevent the leaflets from passing through each
other or through the root wall. Second, the lowest layer of the aor-
tic root base was restricted to permit only radial displacement.
Finally, the physiologic longitudinal stretch found normally in
arteries13 was imposed by applying tension at the top of the
ascending aorta and at the distal ends of the coronary ostia.
Figure 1. A, Aortic, left ventricular, and chest pressures during iso-
volumic relaxation (IVR) used to calculate the pressures applied
to the model root and valve. Isovolumic relaxation is assumed
here to begin at 0 seconds. B, Pressure-loading curves for the aor-
tic root, aortic valve, and the region of the root underneath the
valve (the ventricular-aortic septum). Loading was initiated with
the linearly increasing root pressure and was followed by the
addition of valve pressure at the onset of isovolumic relaxation at
time 0. Model loading finished at the end of isovolumic relaxation,
when the maximum transvalvular pressure was reached.
TABLE 1. Material properties and element thicknesses for
the aortic valve and normal root16-20
Property Aortic valve Aortic root
Ecirc (kPa) 6885 334
Erad (kPa) 1624 —
Elong (kPa) — 350
Gxy (kPa) 1121 119
Gyz (kPa) 1121 115
Gxz (kPa) 560 119
νxy 0.106 0.450
νyz 0.106 0.450
νxz 0.45 0.429
Thickness (mm) 0.18-2.75 0.60-2.14
In the Marfan models the aortic root elastic moduli were doubled (100%
increase),4 and the shear moduli and Poisson ratios were recalculated
appropriately. Ecirc, Circumferential elastic modulus; Erad, radial elastic
modulus; Elong, longitudinal elastic modulus; Gxy, Gyz, and Gxz, orthotopic
shear moduli; νxy, νyz, and νxz, orthotropic Poisson ratios.
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Marfan Model Boundary Conditions
To simulate aortic root dilatations of 5%, 15%, 30%, or 50%, we
applied radially directed forces to the root in the 4 Marfan mod-
els.14 This action also served to pull the leaflets apart and create the
slight central deficiency found clinically.8,9,15 Only the root geom-
etry was altered; all other conditions remained as in the normal
model. Because these radial forces established preliminary stresses
and strains that might not be present in an actual aortic root dilated
as a result of Marfan syndrome, the force-induced root results were
subtracted from the final results to obtain the root stresses and
strains caused by the pressure load alone. However, because our
objective was to determine the effect of the Marfan-associated root
Figure 2. Aortic valve regional stresses in the normal and progressive Marfan syndrome models. *Significant difference
compared with the normal root model.
Figure 3. Schematics of altered leaflet stress patterns in the Marfan models compared with the normal root model.
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Figure 4. Stress contours for the aortic root and valve in the progressive Marfan syndrome models: (a) 5%, top
view; (b) 5%, side view; (c) 15%, top view; (d) 15%, side view; (e) 30%, top view; (f) 30%, side view; (g) 50%, top
view; and (h) 50%, side view. All models in this figure have the same scaling.
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alterations on the leaflet stress and strain, the force-induced pre-
liminary values were not subtracted from the leaflet results.
Pressure Loading
To represent the early diastolic loading of the aortic valve and root
(when peak pressure across the valve is generated), we applied
simulated physiologic pressures to the valve and root structure in 2
phases (Figure 1). In the first phase, the aortic root alone was pres-
surized by a linearly increasing load from the zero-pressure state to
the end-systolic aortic pressure level. In the second phase, physio-
logic pressure loads were applied to the valve, to the end-systolic
root, and to the region of the root underneath the valve. These
physiologic pressures were calculated as the pressure differences
between the aortic root and left ventricle (load applied to aortic
valve), between the aortic root and chest (root), and between the
left ventricle and chest (subvalvular root). Loading started at end-
systole, just after valve closure, and finished at the end of isovolu-
mic relaxation, when peak pressure across the valve was reached.
Thickness and Material Properties
The aortic root-thickness values were measured directly from the
magnetic resonance images of the normal aortic root wall. The
thicknesses of the unpressurized valve leaflets were determined
from published data on the normal aortic valve.16 The material
properties of the leaflet and root tissues were also calculated from
published stress-strain data of normal tissues.17-19 Elastic moduli
values were determined from linear fits to the physiologic range of
the tissues’ stress-strain curves in directions either parallel or per-
pendicular to the collagen fiber alignments, resulting in an
anisotropic analysis (Table 1).16-20 A Poisson ratio of 0.45 was
used to account for tissue incompressibility.20 In the Marfan mod-
els the aortic root elastic modulus was doubled (100% increase) to
simulate the shift toward collagen load bearing (caused by elastic
fragmentation and subsequent root dilatation).4 The bending stiff-
ness of the valve elements was reduced by 98.5% (method detailed
previously)12 to represent the pliability of the aortic valve
leaflets.21
Solution Method
The solution phase was performed on the DEC Alphastation or on
the CRAY J-90 at the Texas Advanced Computing Center. The
solution was performed iteratively by dividing the pressure-
loading phases into a number of equal steps (81 aortic root prelim-
inary steps + 118 physiologic root/valve steps = 199 total).
Output Analysis
For both the leaflets and root walls, the magnitude and location of
the principal tensile stresses and strains were recorded at the end
of physiologic loading, when maximum transvalvular pressure
occurred. Therefore stresses and strains in the model at that time
point are likely representative of the maximum values attained dur-
ing the entire cardiac cycle. Stress (σ) is defined as the force (F)
per unit area (A):
σ = F/A
Strain (ε) is defined as the percentage extension or stretch of the
tissue:
ε = ∆L /Lo
where ∆L is change in length, and Lo is original length. Elastic
modulus (E) is defined as the change in stress (∆σ) divided by the
change in strain (∆ε):
E = ∆σ/∆ε
Regional magnitudes were calculated by grouping sets of elements
to define specific model components (belly, coaptation area, free
margin, attachment edge, annular sinus wall, and sinotubular junc-
tion sinus wall). These components were analyzed to calculate the
peak average, which was the average value of the 5% of elements
Figure 5. Aortic valve regional strains in the normal and progressive Marfan syndrome models. *Significant dif-
ference compared with the normal root model.
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with the highest values (peak standard deviation was calculated
similarly). The coaptation area, defined as the percentage of leaflet
area contacting the adjacent leaflet surfaces, was also examined
throughout the preliminary root-loading and subsequent physio-
logic root/valve-loading phases. Leaflet coaptation creates a large,
tight seal across the closed valve; reduced coaptation could indi-
cate the potential for valvular regurgitation. The stress and strain
results were compared with analysis of variance to determine sig-
nificant differences with respect to root dilatation and aortic root
elastic modulus.
Results
Valve Stress, Strain, and Coaptation
The models simulating Marfan syndrome demonstrated pro-
gressive increases in peak average valve stress, correspond-
ing to increasing amounts of root dilatation compared with
that seen in the normal root model (Figures 2-4). In the 5%
dilatation model the increase in leaflet stress was nominal,
on the order of 0% to 32%. However, by the 50% dilatation
model, the increase in valve stresses was much higher, rang-
ing from 77% to 357%. The greatest increases in leaflet
stress in all the Marfan models were evident at the attach-
ment edge. This pattern was different from that found in the
normal root and valve,12 where leaflet stresses were lower at
the attachment edge, and were somewhat lower at the coap-
tation area than in the leaflet belly and free margin caused
by the support of the adjacent leaflet. In contrast, the Marfan
syndrome models showed significant increases in stress at
the coaptation area, as a result of reduced coaptation.
The Marfan models also demonstrated progressive
increases in valve strain, with increasing root dilatation,
compared with that seen in the normal model (Figures 5 and
6). With limited dilatation (5% model), there were actually
slight decreases in strain in some leaflet areas and only a
nominal increase in strain in other areas, on the order of 5%
to 10%. However, with greater dilatation (50% model), the
increase in strain was much greater, ranging from 57% to
195%. The greatest increases in strain were seen at the
attachment edge and coaptation area of the leaflets in each
Marfan model.
Changes in leaflet coaptation accompanied the alterations
in leaflet stress and strain. In the Marfan models with 5% and
15% root dilatation, leaflet coaptation was not dramatically
affected (<2% change compared with normal values).
However, progressive dilatation resulted in significantly
reduced leaflet coaptation. When the root was dilated by
30%, leaflet coaptation decreased by 8%, and in the 50% root
dilatation model, leaflet coaptation was decreased by 17%,
compared with normal values. This reduced coaptation could
Figure 6. Schematics of altered leaflet strain patterns in the Marfan models compared with the normal root model.
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be seen as a tendency toward central valve opening, with
increasing dilatation of the Marfan aortic root (Figure 4).
Root Stress and Strain
The stress values calculated for the aortic root walls (caused
by pressure loading only) varied by less than 10% between
the Marfan models and the normal root model (Figure 7).
Strain magnitudes, however, did differ between models. In
the 5% and 15% Marfan models the strain in the root was
decreased by 36% and 15%, respectively, compared with that
of the normal root. In contrast, for the 30% and 50% Marfan
models, the strain in the root was increased by 30% and 45%,
respectively, compared with that of the normal root.
Discussion
These finite-element models demonstrated that the
increased aortic root elastic modulus and progressive root
dilatation found in Marfan syndrome results in an increase
in stress and strain in aortic valve leaflets, as well as signif-
icantly reduced leaflet coaptation.
The initial root dilatation in the Marfan models (5% and
15%) was accompanied by progressively increasing leaflet
stresses, particularly at the attachment edge and belly. The
overall leaflet stress pattern in these 2 Marfan models, how-
ever, was similar to that of the normal valve leaflets in that
the stresses at the attachment edge of the leaflet were lower
in magnitude than the rest of the leaflet tissue (caused by
stress sharing between the root and valve). In contrast, fur-
ther dilatation of the Marfan root (30% and 50%) greatly
increased the leaflet stresses, making them disproportion-
ately high at the attachment edge and coaptation area. These
regionally high magnitudes are due to reductions both in
stress sharing at the attachment edge and in mutual com-
pressive stress relief in the coaptation area. The increased
leaflet stresses at the attachment edge were accompanied by
a slight decrease in aortic root stress, which indicates a
transfer of root stress to the valve leaflet, the opposite of the
situation in the normal model.
In addition to increased leaflet stresses, the strains in the
leaflets were altered, which directly affected leaflet coapta-
tion. In the 5% dilated Marfan model strains were increased
at the attachment edge and coaptation area but were actual-
ly decreased at the belly and free margin. These mixed
results suggest that for small geometric changes to the root,
a compensatory mechanism may occur through which valve
deformation can be slightly adapted to respond to an altered
environment. It may be through such a mechanism that the
regional leaflet strains were altered to maintain coaptation,
albeit at the expense of increased leaflet stress. However,
with further increases in diameter of the Marfan root, the
adaptation mechanism was not sufficient to counteract the
dilatation, and the strain and coaptation patterns were sig-
nificantly affected. With 15% and greater dilatation, strains
were increased across the entire leaflet. By 30% and 50%
dilatation, even though the leaflet was tightly stretched, not
enough tissue was present to maintain normal coaptation,
suggesting that the proposed compensatory mechanism for
preservation of coaptation failed. Because the valves in these
models could no longer maintain normal coaptation, these
results indicate the possibility for regurgitation in these mod-
erately dilated Marfan aortic roots.
The amount of strain in the aortic root sinuses also con-
tributed to the results in this series of models. In the 5% and
15% dilated Marfan models aortic root strain was slightly
decreased, which would suggest that the root was compen-
sating to preserve coaptation. In contrast, increased root
strains in the more dilated Marfan models (30% and 50%)
again suggests that the compensatory mechanism has failed
at these larger root diameters, and the valve cannot maintain
normal coaptation.
Figure 7. Aortic root stress (A) and strain (B) in the normal and progressive Marfan syndrome models. *Significant
difference compared with the normal root model.
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The stress and strain results in the Marfan models were
also compared with those of a series of idiopathic dilatation
models that we previously reported.14 Overall, the dilatation
component of the Marfan models caused far greater increas-
es in leaflet stresses than did the material change (30%-60%
increases between subsequent dilatations vs 4%-12% differ-
ences between Marfan models and idiopathic dilatation
models). However, the leaflet attachment edge stresses and
strains were greater in the Marfan models than in corre-
sponding idiopathic dilatation models. In particular, these
stresses were significantly greater in the 5% and 15%
Marfan models. The differences between the results of these
2 series of models emphasizes the contributing role of the
elastic modulus of the aortic root in governing the stresses
at the leaflet attachment edge. Alterations to the root modu-
lus appear to be especially important in the early stages of
aortic root dilatation and would undoubtedly influence
leaflet stresses in the absence of root dilatation.
Limitations
As with any modeling study, there are some inherent limita-
tions in our model, as described in our initial report.12 First,
we chose to simulate only the final closing phase of the
valve because the transvalvular pressure and tensile stresses
are highest during this period. Second, because of software
restrictions, the material properties were assumed to be con-
stant in the physiologic range of the stress-strain curve. As
a result, the modeled stresses and strains were likely lower
than those in the actual root and valve. However, these mod-
els analyzed diastolic function only, in which the valve tis-
sue reportedly functions in the linear and higher elastic
modulus region of its stress-strain curve.17 Furthermore, the
normal aortic root elastic modulus was calculated from
reported in vivo measurements.18 Third, the analysis
assumed that the initial zero-pressure state in the root and
valve was equivalent to a zero-stress state. Because of resid-
ual stresses caused by the differential makeup of the tissue
layers21,22 and normal dynamic root-valve motion, a zero-
stress state may not exist in vivo. However, the magnitude
of these initial stresses was assumed to be negligible in
comparison with the tissue stresses at peak pressure. Fourth,
a small deformation analysis was used on the basis of the
rationale that the applied simulated pressures did not lead to
significant changes in the model geometry. We therefore
assumed that any incrementally increased deformations that
could be gained from a large deformation analysis would
not be large enough to justify the extracomputational bur-
den. Finally, mild root dilatation in Marfan syndrome is
believed to be limited to the sinus region and only later
spread upward to the proximal ascending aorta.6,9 However,
the degree of root dilatation in all the Marfan models was
assumed to be uniform from the anulus to above the sino-
tubular junction (the root base was not dilated). This action
likely overestimated the stresses and strains above the upper
root in the 5% and 15% dilated Marfan models.
Despite these limitations, the normal and Marfan models
were designed by using identical conditions; only specific
geometric and material properties (aortic root diameter and
elastic modulus) were altered between models. Therefore,
comparison between models provides a relative estimate of
the differences that could be expected in vivo as a result of
dilatation of a Marfan aortic root.
Clinical and Surgical Implications
These finite-element model results indicate that even with
limited root dilatation associated with the Marfan syn-
drome, the simulated leaflets experience stress and strain
changes before any loss of coaptation. These changes have
been associated with leaflet calcification,23 may lead to tis-
sue remodeling to bear the higher stresses, and could
explain the reports of aortic valve thickening5,8,9 and regur-
gitation1,24,25 found in persons with the Marfan syndrome.
The greater attachment edge stresses and strains in the
Marfan models compared with those in the idiopathic dilata-
tion models suggest that there may be an earlier critical
stage for the valve-sparing root-replacement procedure in
persons with the Marfan syndrome. However, in patients
with Marfan syndrome with advancing root dilatation, their
aortic valve leaflets may no longer be normal and might not
benefit as much as desired from a valve-sparing procedure.
Of course, an additional factor in determining the optimal
surgical timing is the inherent risk and complications of the
surgical procedure. Further research regarding the timing of
tissue remodeling in the aortic valve would be helpful to
surgeons in determining the optimal time and procedure for
replacement of the diseased aortic root in Marfan syndrome.
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